To estimate whether three-dimensional ultrasonography and three-dimensional power Doppler investigation can contribute to the differentiation between benign and malignant ovarian masses.
T he preoperative assessment of the potential malignancy of an adnexal mass is still a diagnostic challenge. Accurate preoperative assessment facilitates an optimal choice of surgery. Optimal surgical staging and cytoreductive surgery are of utmost importance in case of malignancy. In case of benign pathology, a laparoscopically performed cystectomy is usually sufficient.
At present, several parameters are available for distinguishing benign and malignant masses. The gray-scale two-dimensional sonographic parameters that are used most frequently are tumor diameter or volume, septation and presence of papillary projections, echogenicity, and the presence of free fluid. Ovarian tumor blood flow can be evaluated by Bmode color Doppler ultrasonography and waveform analysis. 1 The resistance to flow is lower in malignant tumors than in benign tumors. Frequently used Doppler parameters are resistance index, pulsatility index, and peak systolic velocity. To improve the preoperative assessment of adnexal masses, most of these parameters have been combined with patient characteristics in diagnostic models. Although initial publication reported an almost perfect performance of these models, external validation showed their diagnostic performance to be less than good. 2, 3 A potentially new diagnostic tool in the assessment of the adnexal mass is three-dimensional ultrasonography. This technique visualizes the adnexal mass in all three planes (coronal, sagittal, and frontal), thus facilitating spatial evaluation instead of twodimensional ultrasonography, in which only two planes can be visualized. With three-dimensional ultrasonography, a volume of ultrasonographic data is acquired and stored, whereas with two-dimensional ultrasonography only slices can be assessed. The integration of the acquired information enables reconstruction of the organ being scanned. The addition of three-dimensional power Doppler imaging allows visualization and quantitative judgment of vascularity in all three planes.
Early publications on three-dimensional ultrasound examination of adnexal masses have suggested that the specificity of ultrasonographic imaging might improve with the addition of three-dimensional power Doppler. 4, 5 These studies reported that masses with central vascular flow, vascular flow within excrescences, or flow within septation, as well as masses including vessels with a chaotic architecture or complex branching pattern, are more likely to be malignant.
The objective of this prospective study was to estimate whether data acquired by three-dimensional ultrasonography and three-dimensional power Doppler investigation could potentially contribute to the differentiation between benign and malignant ovarian masses.
MATERIALS AND METHODS
The study was performed in five gynecologic units in hospitals in the south of the Netherlands. In the Má xima Medical Centre, consecutive patients were included. To enlarge the study population, patients from four surrounding hospitals were also included. However, because the three-dimensional sonography was performed at the Má xima Medical Centre, women from these surrounding hospitals were included only if they were prepared to travel to the Centre.
In this prospective study all women who were scheduled for surgery because of an adnexal mass between January 2003 and March 2005 were eligible for the study. The study was approved by the institutional review board of the Má xima Medical Centre. All women received verbal and written information about the study. After informed consent had been obtained, women were scheduled for two-dimensional and three-dimensional gray-scale ultrasonography and for two-dimensional and three-dimensional power Doppler ultrasonography in the week before surgery. The two-dimensional and three-dimensional ultrasound examinations were performed using a 7.5-MHz transvaginal transducer (Voluson 730; Kretztechnik, Zipf, Austria). All ultrasound examinations were performed transvaginally. Power Doppler settings were kept constant for every patient: frequency 3-9 MHz, pulse repetition frequency 0.6 kHz, gain 4.0 dB, and wall motion filter "low 1".
All examinations were performed by three of the authors (P.G., K.K., E.M.). The acquired three-dimensional ultrasonographic data were stored on a hard disk to enable full evaluation at a later point. Subsequently, all recordings were reviewed systematically by one of the authors (P.G.) without knowledge of the final histopathologic diagnosis.
To perform volume measurements, the virtual organ computer-aided analysis (VOCAL; Kretz, Marl, Germany) was used. 6 Volume measurements were performed by manual delineation of the outside of the adnexal mass using the 9º-rotation step (Fig. 1) . In practice the data set was rotated clockwise through 180º, and the outside of the mass was delineated every 9º until a calculated volume was generated. The volume was stored and analyzed with specially designed software (3D View Function; GE Medical Systems, Kretz Ultrasound, Austria). 7 Analogous to two-dimensional pixels, the stored volume ultrasound information obtained using three-dimensional sonography is defined by voxels (smallest measurable volume). Gray-scale voxels contain all three-dimensional gray-scale information grades from white to black. Voxels with a power Doppler signal are defined as color voxels. The range of color voxels can vary between 0 and 100. As described by Pairleitner et al, 7 the "histogram" feature of 3D View Function calcu- lates three vascularization indices: vascularization index, flow index, and vascularization-flow index. The vascularization index is the ratio of the number of color voxels to the number of all voxels in the defined contour and is expressed as a percentage. The flowindex (scale 0 -100) is the mean value of the color voxels and is thought to express the average intensity of flow in the vessels. The vascularization-flow index measures the ratio of the mean value of the color voxels and all the voxels in the defined contour ([vascularization index ϫ flow index]/100) and is a feature of both vascularization and flow. It identifies the extremes between low vascularization and low blood flow, on one side, and high vascularization and high blood flow, on the other. With the "histogram" feature of 3D View Function, the mean value of the gray-scale voxels can also be calculated and is expressed as the mean gray index (scale 0 -100). The mean gray index is a quantification of the echogenicity of an adnexal mass. When the mean gray index is close to zero the adnexal mass is mainly sonolucent, whereas a mean gray index close to 100 refers to a high echogenic mass.
For each patient, the following three-dimensional gray-scale ultrasonographic and three-dimensional power Doppler data were recorded: tumor volume, mean gray index, localization of vessels, vascularization index, flow index, and vascularization-flow index. The localization of vessels was ordered into four categories (Fig. 2 ). The first category ("no vessels") contained masses without any sign of vascularization, neither peripheral (in the wall of the mass) nor central (within the mass). The second category ("peripheral vessels") contained cystic masses with vascularization of the wall of the mass and no vascularization within the mass. The third group ("central vessels") contained masses with central vascularization, but no vascularization of the wall of the masses. The central vascularization could be within septa, solid areas, or papillary formations. The fourth group ("peripheral and central vessels") contained masses that had both central vascularization and peripheral vascularization.
If it was impossible to include the adnexal mass into one volume box because of its size, the volume of the tumor could not be measured. A representative part of the adnexal mass was assessed to define the localization of the vessels and to calculate the vascularization indices.
For each patient, the following two-dimensional gray-scale ultrasonographic data were recorded: presence and thickness of septations, presence of papillary formations and free fluid, echogenicity and the mean diameter of the mass, and the following power Doppler parameters: resistance index, pulsatility index, and peak systolic velocity.
In addition to the ultrasonographic parameters, we recorded serum CA 125 level, menopausal status, In case of suspicion of malignancy, surgery was performed by a median laparotomy and combined with frozen section diagnosis. In case frozen section diagnosis showed malignancy a complete debulking was pursued. The risk for malignancy was assessed by means of the results of a clinical examination, twodimensional gray-scale ultrasonographic information (septation, presence of papillary formations, echogenicity, and presence of free fluid), two-dimensional power Doppler parameters (resistance index), age of the patient, and level of serum CA 125. If the mentioned parameters did not lead to any suspicion of malignancy, a cystectomy was performed if the woman was younger than 45 years and an ovariectomy was performed if the patient had was older than 45 years. All adnexal masses were sent to the laboratory of the Department of Pathology and examined by one of the experienced pathologists. A definite paraffin diagnosis was obtained.
The distribution of each of the two-dimensional and three-dimensional parameters was compared among the three categories. Distribution of continuous variables was calculated by constructing normal plots. 8 Depending on normality, we calculated means or medians. In case of a normal distribution, statistical comparison was made with analysis of variance. In cases of nonnormal distributions, we used the Kruskal-Wallis test.
Subsequently, for each of the continuous variables we performed a receiver-operating-characteristic analysis, in which malignant and borderline adnexal masses were considered to be the disease, and benign masses to be non-disease. We calculated an area under the receiver-operating-characteristic curve (AUC). 9 The AUC can have, in general, a value between 0.5 and 1; an AUC of 0.5 expresses no discriminatory capacity at all, whereas an AUC of 1 expresses perfect discriminatory capacity. Categorical variables were compared using 2 analysis and further assessed by calculating likelihood ratios. A likelihood ratio of a test result was the ratio of the probability of the test result in women with malignant disease (borderline included) and the probability of the test result in women with benign disease. A likelihood ratio above 1 increases the probability of malignancy whereas a likelihood ratio below 1 decreases the probability of disease. In general, a likelihood ratio between 1 and 2 is considered as not useful, and a likelihood ratio between 2 and 5 as moderately useful. The test becomes useful at higher likelihood ratios.
These values, however, should be considered together with the prevalence of disease and subsequent therapeutic consequences.
RESULTS
Between January 2003 and March 2005, 181 women were included-164 in Má xima Medical Centre (Veldhoven/Eindhoven), 12 in Tweesteden Hospital (Tilburg), two in Elkerliek Hospital (Helmond), and three in Elisabeth Hospital (Tilburg). At surgery, there appeared to be 144 (80%) benign adnexal masses, 26 (14%) malignant adnexal masses, and 11 (6%) borderline malignant masses. Among the 26 malignant masses, there were 16 serous adenocarcinomas, two mucinous adenocarcinomas, two endometrioid carcinomas, three clear cell carcinomas, two undifferentiated adenocarcinomas of the ovary, and one coeloma carcinoma.
Because of initial suspicion of malignancy, surgery was performed by a median laparotomy and combined with frozen section diagnosis for 29 of the 144 women with benign pathology. Forty-five percent of the women with borderline tumors (5 of 11) were operated upon laparoscopically, and all but one of the women with malignant tumors had laparotomies.
Baseline characteristics are shown in Table 1 The median level of serum CA 125 in women with malignant masses was 155 kilounits/L (range 2.1-13,000), whereas the median level of serum CA 125 was 11 kilounits/L (range 1.4 -450) and 29 kilounits/L (range 5.1-146) for benign masses and borderline masses, respectively (PϽ.001). Twenty-five of 140 benign masses (18%) showed a CA 125 level of 35 kilounits/L or greater, and 10 of 140 showed a CA 125 level of 100 kilounits/L or greater. Among these 10 benign masses with a serum CA 125 level of 100 kilounits/L or greater were seven endometriomas, two fibromas, and one mucinous cystadenoma. Twelve of 37 malignant and borderline tumors (32%) showed a serum CA 125 level less than 35 kilounits/L. Tables 2 and 3 show the distribution of the two-dimensional and three-dimensional parameters with their 95% confidence intervals (CIs). Ten ad-nexal masses (six malignant tumors, one borderline tumor, and three benign tumors) could not be included in one volume box because of their sizes.
Consequently their volumes could not be calculated. In eight of these 10 cases, it was possible to assess a representative part of the tumor to define the local- 20 (14) 1 (9) 4 (16) 1. ization of the vessels and to calculate the vascularization indices.
The volume of the mass did not differ between benign, borderline, and malignant masses (Pϭ.17, area under the receiver-operating-characteristic curve 0.53). The malignant masses had a higher mean gray index compared with the benign and borderline masses (Pϭ.006, area under the receiver-operatingcharacteristic curve 0.69). The likelihood ratio increases with an increasing mean gray index, thus indicating that a more dense mass is more at risk for malignancy ( Table 3) .
The malignant masses also had a higher flow index compared with the benign and borderline masses (Pϭ.04, area under the receiver-operating-characteristic curve 0.65). The likelihood ratio for malignancy increased with an increasing flow index, suggesting that a mass with a high flow index (greater than 30) is more at risk for malignancy ( Table 3 ). The mean vascularization index and vascularization flow index did not differ significantly among the three categories, indicating that these tests do not have value. Table 3 also shows the localization of vessels. Central vessels were present in 69% (18 of 26) of the malignant masses, 27% (3 of 11) of the masses of borderline malignancy, and 15% (21 of 144) of the benign masses. The likelihood ratios for absence of vessels or for presence of peripheral vessels only were 0.42 (95% CI 0.13-1.3) and 0.54 (95% CI 0.35-0.86), respectively. When central vessels were present, the risk of a malignancy increased, as indicated by likelihood ratios of 3.3 (95% CI 1.3-6.8) and 4.9 (95% CI 2.1-12) for central vessels only and central and peripheral vessels in the same mass. Table 4 shows which benign masses had central vascularization.
Among the 181 included tumors, 75 masses were sonolucent without septation or sonolucent with septa smaller than 3 mm. If we exclude these so-called simple cysts, the presence of central vessels and a flow index greater than 30 showed likelihood ratios of 4.4 (95% CI 1.8 -9.9) and 1.8 (95% CI 1.2-2.7), respectively.
The presence of random echogenicity (two-dimensional) and central vessels (three-dimensional) were the most sensitive predictors because they were present in 22 and 21, respectively, of the 37 women with borderline malignancy or invasive malignancy. Sensitivity and specificity of random echogenicity were 59% (95% CI 42-75) and 80% (95% CI 73-86), and sensitivity and specificity of presence of central vessels were 57% (95% CI 40 -73) and 85% (95% CI 80 -91). Presence of septa and their thickness, presence of papillary formations, the mean diameter and the volume of the mass, pulsatility index, peak systolic velocity, vascularization index, and vascularizationflow index were not predictive. Premenopausal status, absence of free fluid, an anechoic performance of the mass, and the presence of only peripheral (and not central) vessels reduced the risk for malignancy.
DISCUSSION
A crucial step in the continuous growth of tumors is the induction of vasculature. Any increase in tumor mass beyond 2-3 mm 3 requires the proliferation and morphogenesis of vascular endothelial cells. 10 Malignant neoplasms are highly vascular. Vascular flow within an adnexal mass is often described in terms like resistance index, pulsatility index, and peak systolic velocity. 11 Another possible method for assessing potential malignancy is to describe the localization of the vessels or the branching pattern. In malignant masses, central vascular flow with a chaotic branching pattern is expected. 4, 5, 12 Guerriero et al 13 assessed the use of two-dimensional gray-scale imaging combined with a two-dimensional power Doppler evaluation for the presence or absence of vascularity within solid portions or excrescences. They concluded that the combination of gray-scale imaging with a descriptive power Doppler imaging of the localization of the vessels performs better than the resistance index.
By means of three-dimensional power Doppler ultrasonography, it is possible to visualize vessels in all three planes (coronal, sagittal, and frontal), thus facilitating spatial evaluation. Assessing the localization of vessels by three-dimensional power Doppler ultrasonography is a simple procedure.
Since the introduction of three-dimensional transvaginal ultrasonography, several studies have been published assessing the potential contribution of three-dimensional sonography in the differentiation between benign and malignant ovarian masses (Table 5) . 4,5,12,14 -16 The authors use morphologic criteria 5,14 -16 or the presence of central or chaotic vessels 4, 5, 12 to define malignancy. Most of the studies show improvement of the specificity of ultrasonographic imaging by addition of three-dimensional ultrasonography.
In this prospective study, 181 adnexal masses were evaluated, and we assessed the localization of vessels by means of three-dimensional power Doppler ultrasonography. Central vessels were seen more often in malignancies (69%) than in benign masses (15%) and masses with borderline malignancy (27%). The presence of central and peripheral vessels in an adnexal mass had a likelihood ratio of 4.9 (95% CI 2.1-11). Our results are in accordance with the results of Alcazar and Castillo. 12 The criteria for suspicion of malignancy used in the their study are comparable with our criteria. We suspected malignancy if blood flow was central anywhere in an adnexal mass and also if blood flow was detected in septations. However, Alcazar and Castillo 12 assessed localization of blood flow by two-dimensional and three-dimensional power Doppler examination, and three-dimensional power Doppler imaging did not have a better performance than two-dimensional power Doppler imaging. We did not assess blood flow localization by two-dimensional power Doppler examination, so we cannot confirm these results.
Malignant neoplasms are highly vascularized. The neovascularization is of poor quality, with low compliance and low resistance. Because of the low resistance of the vasculature, the flow in malignant masses will be increased. In this study, we found an increased flow index in the malignant masses (32.6%) compared with the borderline masses (30.8%) and benign masses (28.5%). The flow index represents the intensity of flow in an adnexal mass. However, the low resistance of a flow index of more than 30% is close to one, indicating that it has no value in the differentiation between benign and malignant masses.
The mean gray index was significantly higher in the malignant adnexal masses than in benign and borderline masses. Adnexal masses that contain papillary formations and masses that are mixed or highly echogenic are suspicious for malignancy. These features result in a high mean gray index. However, benign teratomas or hemorrhagic masses also often show mixed echogenicity. This probably explains the low likelihood ratio of the mean gray index.
In this study we estimated whether data acquired by three-dimensional ultrasonography and three-dimensional power Doppler investigation could potentially contribute to the differentiation between benign and malignant ovarian masses. The central localization of vessels in an adnexal mass, the mean gray index, and the flow index, as observed by threedimensional ultrasonography, are potentially important parameters for distinguishing benign from malignant adnexal masses. As stated before, assessing the localization of vessels by three-dimensional imaging is a simple procedure. Another advantage of threedimensional ultrasonography compared with twodimensional ultrasonography is the objective aspect of the mean gray index and flow index. The mean gray index and flow index are objective quantitative parameters based on the number of gray-scale and color voxels, whereas in two-dimensional ultrasonography the echogenicity of an adnexal mass and the amount of flow are always subjective descriptions of the examiner.
Further research steps to be undertaken are analyses in which the additional value of three-dimensional parameters is estimated. A larger study population with a larger percentage of malignant masses would be helpful.
